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Abstract
Geo-neutrinos, electron antineutrinos from natu-
ral radioactive decays inside the Earth, bring to
the surface unique information about our planet.
The new techniques in neutrino detection opened
a door into a completely new inter-disciplinary field
of Neutrino Geoscience. We give here a broad ge-
ological introduction highlighting the points where
the geo-neutrino measurements can give substan-
tial new insights. The status-of-art of this field
is overviewed, including a description of the latest
experimental results from KamLAND and Borex-
ino experiments and their first geological implica-
tions. We performed a new combined Borexino and
KamLAND analysis in terms of the extraction of
the mantle geo-neutrino signal and the limits on
the Earth’s radiogenic heat power. The perspec-
tives and the future projects having geo-neutrinos
among their scientific goals are also discussed.
1 Introduction
The newly born inter-disciplinar field of Neutrino
Geoscience takes the advantage of the technologies
developed by large-volume neutrino experiments
and of the achievements of the elementary particle
physics in order to study the Earth interior with
a new probe - geo-neutrinos. Geo-neutrinos are
electron antineutrinos released in the decays of ra-
dioactive elements with lifetimes comparable with
the age of the Earth and distributed through the
Earth’s interior. The radiogenic heat released dur-
ing the decays of these Heat Producing Elements
(HPE) is in a well fixed ratio with the total mass of
HPE inside the Earth. Geo-neutrinos bring to the
Earth’s surface an instant information about the
distribution of HPE. Thus, it is, in principle, pos-
sible to extract from measured geo-neutrino fluxes
several geological information completely unreach-
able by other means. These information concern
the total abundance and distribution of the HPE
inside the Earth and thus the determination of the
fraction of radiogenic heat contributing to the total
surface heat flux. Such a knowledge is of critical
importance for understanding complex processes
such as the mantle convection, the plate tecton-
ics, the geo-dynamo (the process of generation of
the Earth’s magnetic field), as well as the Earth
formation itself.
Currently, only two large-volume, liquid-
scintillator neutrino experiments, KamLAND in
Japan and Borexino in Italy, have been able to
measure the geo-neutrino signal. Antineutrinos
can interact only through the weak interactions.
Thus, the cross-section of the inverse-beta decay
detection interaction
ν¯e + p→ e+ + n (1)
is very low. Even a typical flux of the order of 106
geo-neutrinos cm−2 s−1 leads to only a hand-full
number of interactions, few or few tens per year
with the current-size detectors. This means, the
geo-neutrino experiments must be installed in un-
derground laboratories in order to shield the detec-
tor from cosmic radiations.
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The aim of the present paper is to review the
current status of the Neutrino Geoscience. First,
in Sec. 2 we describe the radioactive decays of HPE
and the geo-neutrino production, the geo-neutrino
energy spectra and the impact of the neutrino oscil-
lation phenomenon on the geo-neutrino spectrum
and flux. The Sec. 3 is intended to give an overview
of the current knowledge of the Earth interior. The
opened problems to which understanding the geo-
neutrino studies can contribute are highlighted.
Section 4 sheds light on how the expected geo-
neutrino signal can be calculated considering dif-
ferent geological models. Section 5 describes the
KamLAND and the Borexino detectors. Section 6
describes details of the geo-neutrino analysis: from
the detection principles, through the background
sources to the most recent experimental results
and their geological implications. Finally, in Sec. 7
we describe the future perspectives of the field of
Neutrino Geoscience and the projects having geo-
neutrino measurement among their scientific goals.
2 Geo-neutrinos
Today, the Earth’s radiogenic heat is in almost 99%
produced along with the radioactive decays in the
chains of 232Th (τ1/2 = 14.0 · 109 year), 238U (τ1/2
= 4.47 · 109 year), 235U (τ1/2 = 0.70 · 109 year), and
those of the 40K isotope (τ1/2 = 1.28 · 109 year).
The overall decay schemes and the heat released in
each of these decays are summarized in the follow-
ing equations:
238U→206 Pb + 8α+ 8e− + 6ν¯e + 51.7 MeV (2)
235U→207 Pb + 7α + 4e− + 4ν¯e + 46.4 MeV (3)
232Th→208 Pb + 6α + 4e− + 4ν¯e + 42.7 MeV (4)
40K→40 Ca + e− + ν¯e + 1.31 MeV (89.3%) (5)
40K + e→40 Ar + νe + 1.505 MeV (10.7%) (6)
Since the isotopic abundance of 235U is small, the
overall contribution of 238U, 232Th, and 40K is
largely predominant. In addition, a small fraction
(less than 1%) of the radiogenic heat is coming from
the decays of 87Rb (τ1/2 = 48.1 · 109 year), 138La
(τ1/2 = 102· 109 year), and 176Lu (τ1/2 = 37.6 · 109
year).
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Figure 1: The geo-neutrino luminosity as a func-
tion of energy is shown for the most important reac-
tion chains and nuclides [3]. Only geo-neutrinos of
energies above the 1.8 MeV energy (vertical dashed
line) can be detected by means of the inverse beta
decay on target protons shown in Eq. 1.
Neutron-rich nuclides like 238U, 232Th, and 235U,
made up [1] by neutron capture reactions during
the last stages of massive-stars lives, decay into
the lighter and proton-richer nuclides by yielding
β− and α particles, see Eqs. 2 - 4. During β− de-
cays, electron antineutrinos (ν¯e) are emitted that
carry away in the case of 238U and 232Th chains, 8%
and 6%, respectively, of the total available energy
[2]. In the computation of the overall ν¯e energy
spectrum of each decay chain, the shapes and rates
of all the individual decays has to be included: de-
tailed calculations required to take into account up
to ∼80 different branches for each chain [4]. The
most important contributions to the geo-neutrino
signal are however those of 214Bi and 234Pam in the
uranium chain and 212Bi and 228Ac in the thorium
chain [2].
Geo-neutrino spectrum extends up to 3.26 MeV
and the contributions originating from different
elements can be distinguished according to their
different end-points, i.e., geo-neutrinos with E >
2.25 MeV are produced only in the uranium chain,
as shown in Fig. 1. We note, that according to
geo-chemical studies, 232Th is more abundant than
238U and their mass ratio in the bulk Earth is ex-
pected to be m(232Th)/m(238U) = 3.9 (see also
Sec. 3). Because the cross-section of the detec-
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tion interaction from Eq. 1 increases with energy,
the ratio of the signals expected in the detector is
S(232Th)/S(238U) = 0.27.
The 40K nuclides presently contained in the
Earth were formed during an earlier and more quiet
phase of the massive-stars evolution, the so called
Silicon burning phase [1]. In this phase, at temper-
atures higher than 3.5 · 109 K, α particles, protons,
and neutrons were ejected by photo-disintegration
from the nuclei abundant in these stars and were
made available for building-up the light nuclei up
to and slightly beyond the iron peak (A = 65). Be-
ing a lighter nucleus, the 40K, beyond the β− de-
cay shown in Eq. 5, has also a sizeable decay branch
(10.7%) by electron capture, see Eq. 6. In this case,
electron neutrinos are emitted but they are not
easily observable because they are overwhelmed by
the many orders of magnitude more intense solar-
neutrino fluxes. Luckily, the Earth is mostly shin-
ing in antineutrinos; the Sun, conversely, is pro-
ducing energy by light-nuclide fusion reactions and
only neutrinos are yielded during such processes.
Both the 40K and 235U geo-neutrinos are below
the 1.8 MeV threshold of Eq. 1, as shown in Fig. 1,
and thus, they cannot be detected by this pro-
cess. However, the elemental abundances ratios are
much better known than the absolute abundances.
Therefore, by measuring the absolute content of
238U and 232Th, also the overall amount of 40K and
235U can be inferred with an improved precision.
Geo-neutrinos are emitted and interact as flavor
states but they do travel as superposition of mass
states and are therefore subject to flavor oscilla-
tions.
In the approximation ∆m231 ∼ ∆m232  ∆m221,
the square-mass differences of mass eigenstates 1,
2, and 3, the survival probability Pee for a ν¯e in
vacuum is:
Pee = P (ν¯e → ν¯e) = sin4 θ13 +
+ cos4 θ13
(
1− sin2 2θ12sin2
(
1.267 ∆m221L
4E
))
(7)
In the Earth, the geo-neutrino sources are spread
over a vast region compared to the oscillation
length:
L ∼ pich¯ 4E
∆m221
(8)
For example, for a ∼3 MeV antineutrino, the oscil-
lation length is of ∼100 km, small with respect to
the Earth’s radius of ∼6371 km: the effect of the
neutrino oscillation to the total neutrino flux is well
averaged, giving an overall survival probability of:
〈Pee〉 ' cos4 θ13
(
1− 1
2
sin2 2θ12
)
+ sin4 θ13 (9)
According to the neutrino oscillation mixing angles
and square-mass differences reported in [5], Pee ∼
0.54.
While geo-neutrinos propagate through the
Earth, they feel the potential of electrons and nu-
cleons building-up the surrounding matter. The
charged weak current interactions affect only the
electron flavor (anti)neutrinos. As a consequence,
the Hamiltonian for ν¯e’s has an extra term of√
2GFne, where ne is the electron density. Since
the electron density in the Earth is not constant
and moreover it shows sharp changes in correspon-
dence with boundaries of different Earth’s layers,
the behavior of the survival probability is not triv-
ial and the motion equations have to be solved by
numerical tracing. It has been calculated in [4] that
this so called matter effect contribution to the av-
erage survival probability is an increase of about
2% and the spectral distortion is below 1%.
To conclude, the net effect of flavor oscillations
during the geo-neutrino (ν¯e) propagation through
the Earth is the absolute decrease of the overall flux
by ∼0.55 with a very small spectral distortion, neg-
ligible for the precision of the current geo-neutrino
experiments.
3 The Earth
The Earth was created in the process of accretion
from undifferentiated material, to which chondritic
meteorites are believed to be the closest in compo-
sition and structure. The Ca-Al rich inclusions in
carbonaceous chondrite meteorites up to about a
cm in size are the oldest known solid condensates
from the hot material of the protoplanetary disk.
The age of these fine grained structures was deter-
mined based on U-corrected Pb-Pb dating to be
4567.30± 0.16 million years [6]. Thus, these inclu-
sions together with the so called chondrules, an-
other type of inclusions of similar age, provide an
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upper limit on the age of the Earth. The oldest ter-
restrial material are zircon inclusions from Western
Australia being at least 4.404 billion years old [7].
The bodies with a sufficient mass undergo the
process of differentiation, e. g., a transformation
from an homogeneous object to a body with a lay-
ered structure. The metallic core of the Earth (and
presumably also of other terrestrial planets) was
the first to differentiate during the first ∼30 mil-
lion years of the life of the Solar System, as inferred
based on the 182Hf - 182W isotope system [8]. To-
day, the core has a radius of 2890 km, about 45%
of the Earth radius and represents less than 10%
of the total Earth volume.
Due to the high pressure of about 330 GPa, the
Inner Core with 1220 km radius is solid, despite
the high temperature of ∼5700 K, comparable to
the temperature of the solar photosphere.
From seismologic studies, and namely from the
fact that the secondary, transverse/shear waves do
not propagate through the so called Outer Core,
we know that it is liquid. Turbulent convection
occurs in this liquid metal of low viscosity. These
movements have a crucial role in the process of the
generation of the Earth magnetic field, so called
geo-dynamo. The magnetic field here is about
25 Gauss, about 50 times stronger than at the
Earth’s surface.
The chemical composition of the core is in-
ferred indirectly as Fe-Ni alloy with up to 10%
admixture of light elements, most probable being
oxygen and/or sulfur. Some high-pressure, high-
temperature experiments confirm that potassium
enters iron sulfide melts in a strongly temperature-
dependent fashion and that 40K could thus serve
as a substantial heat source in the core [9]. How-
ever, other authors show that several geo-chemical
arguments are not in favor of such hypothesis [10].
Geo-neutrinos from 40K have energies below the de-
tection threshold of the current detection method
(see Fig. 1) and thus the presence of potassium in
the core cannot be tested with geo-neutrino stud-
ies based on inverse beta on free protons. Other
heat producing elements, such as uranium and tho-
rium are lithophile elements and due to their chem-
ical affinity they are quite widely believed not to
be present in the core (in spite of their high den-
sity). There exist, however, ideas as that of Hern-
don [11] suggesting an U-driven georeactor with
thermal power <30 TW present in the Earth’s core
and confined in its central part within the radius
of about 4 km. The antineutrinos that would be
emitted from such a hypothetical georeactor have,
as antineutrinos from the nuclear power plants, en-
ergies above the end-point of geo-neutrinos from
”standard” natural radioactive decays. Antineu-
trino detection provide thus a sensitive tool to test
the georeactor hypothesis.
After the separation of the metallic core, the rest
of the Earth’s volume was composed by a presum-
ably homogeneous Primitive Mantle built of sili-
cate rocks which subsequently differentiated to the
present mantle and crust.
Above the Core Mantle Boundary (CMB) there
is a ∼200 km thick zone called D” (pronounced
D-double prime), a seismic discontinuity charac-
terized by a decrease in the gradient of both P
(primary) and S (secondary, shear) wave veloci-
ties. The origin and character of this narrow zone
is under discussion and there is no widely accepted
model.
The Lower Mantle is about 2000 km thick and
extends from the D” zone up to the seismic discon-
tinuity at the depth of 660 km. This discontinu-
ity does not represent a chemical boundary while
a zone of a phase transition and mineral recrys-
tallization. Below this zone, in the Lower Mantle,
the dominant mineral phases are the Mg-perovskite
(Mg0.9Fe0.1)SiO3, ferropericlase (Mg,Fe)O, and Ca-
perovskite CaSiO3. The temperature at the base
of the mantle can reach 3700 K while at the up-
per boundary the temperature is about 600 K. In
spite of such high temperatures, the high lithostatic
pressure (136 GPa at the base) prevents the melt-
ing, since the solidus increases with pressure. The
Lower Mantle is thus solid, but viscose and under-
goes plastic deformation on long time-scales. Due
to a high temperature gradient and the ability of
the mantle to creep, there is an ongoing convection
in the mantle. This convection drives the move-
ment of tectonic plates with characteristic veloci-
ties of few cm per year. The convection may be in-
fluenced by the mineral recrystallizations occurring
at 660 km and 410 km depths, through the density
changes and latent heat.
The mantle between these two seismic discon-
tinuities at 410 and 660 km depths is called the
Transition Zone. This zone consists primarily
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of peridotite rock with dominant minerals garnet
(mostly pyrop Mg3Al2(SiO4)3) and high-pressure
polymorphs of olivine (Mg, Fe)2SiO4, ringwoodite
and wadsleyite below and above cca. 525 km depth,
respectively.
In the Upper Mantle above the 410 km depth
discontinuity the dominant minerals are olivine,
garnet, and pyroxene. The upper mantle bound-
ary is defined with seismic discontinuity called Mo-
horovicˇic´, often referred to as Moho. It’s average
depth is about 35 km, 5 - 10 km below the oceans
and 20 - 90 km below the continents. The Moho
lies within the lithosphere, the mechanically de-
fined uppermost Earth layer with brittle deforma-
tions composed of the crust and the brittle part of
the upper mantle, Continental Lithospheric Mantle
(CLM). The lithospheric tectonic plates are float-
ing on the more plastic astenosphere entirely com-
posed of the mantle material.
Partial melting is a process when solidus and liq-
uidus temperatures are different and are typical for
heterogeneous systems as rocks. The mantle par-
tial melting through geological times lead to the
formation of the Earth’s crust. Typical mantle
rocks have a higher magnesium-to-iron ratio and
a smaller proportion of silicon and aluminum than
the crust. The crust can be seen as the accumu-
lation of solidified partial liquid, which thanks to
its lower density tends to move upwards with re-
spect to denser solid residual. The lithophile and
incompatible elements, such as U and Th, tend to
concentrate in the liquid phase and thus they do
concentrate in the crust.
There are two types of the Earth’s crust. The
simplest and youngest is the oceanic crust, less
than 10 km thick. It is created by partial melting of
the Transition-Zone mantle along the mid-oceanic
ridges on top of the upwelling mantle plumes. The
total length of this submarine mountain range, the
so called rift zone, is about 80,000 km. The age of
the oceanic crust is increasing with the perpendic-
ular distance from the rift, symmetrically on both
sides. The oldest large-scale oceanic crust is in
the west Pacific and north-west Atlantic - both are
up to 180 - 200 million years old. However, parts
of the eastern Mediterranean Sea are remnants of
the much older Tethys ocean, at about 270 million
years old. The typical rock types of the oceanic
crust created along the rifts are Mid-Ocean Ridge
Basalts (MORB). They are relatively enriched in
lithophile elements with respect to the mantle from
which they have been differentiated but they are
much depleted in them with respect to the conti-
nental crust. The typical density of the oceanic
crust is about 2.9 g cm−3.
The continental crust is thicker, more heteroge-
neous and older, and has a more complex history
with respect to the oceanic crust. It forms con-
tinents and continental shelves covered with shal-
low seas. The bulk composition is granitic, more
felsic with respect to oceanic crust. Continental
crust covers about 40% of the Earth surface. It
is much thicker than the oceanic crust, from 20
to 70 km. The average density is 2.7 g cm−3, less
dense than the oceanic crust and so to the contrary
of the oceanic crust, the continental slabs rarely
subduct. Therefore, while the subducting oceanic
crust gets destroyed and remelted, the continental
crust persists. On average, it has about 2 billion
years, while the oldest rock is the Acasta Gneiss
from the continental root (craton) in Canada is
about 4 billion years old. The continental crust
is thickest in the areas of continental collision and
compressional forces, where new mountain ranges
are created in the process called orogeny, as in the
Himalayas or in the Alps. There are the three main
rock groups building up the continental crust: ig-
neous (rocks which solidified from a molten magma
(below the surface) or lava (on the surface)), sedi-
mentary (rocks that were created by the deposition
of the material as disintegrated older rocks, organic
elements etc.), and metamorphic (rocks that re-
crystallized without melting under the increased
temperature and/or pressure conditions).
There are several ways in which we can obtain in-
formation about the deep Earth. Seismology stud-
ies the propagation of the P (primary, longitudi-
nal) and the S (secondary, shear, transversal) waves
through the Earth and can construct the wave ve-
locities and density profiles of the Earth. It can
identify the discontinuities corresponding to me-
chanical and/or compositional boundaries. The
first order structure of the Earth’s interior is de-
fined by the 1D seismological profile, called PREM:
Preliminary Reference Earth Model [12]. The
recent seismic tomography can reveal structures
as Large Low Shear Velocity Provinces (LLSVP)
below Africa and central Pacific [13] indicating
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that mantle could be even compositionally non-
homogeneous and that it could be tested via future
geo-neutrino projects [14].
The chemical composition of the Earth is the
subject of study of geochemistry. The direct rock
samples are however limited. The deepest bore-
hole ever made is 12 km in Kola peninsula in Rus-
sia. Some volcanic and tectonic processes can bring
to the surface samples of deeper origin but often
their composition can be altered during the trans-
port. The pure samples of the lower mantle are
practically in-existent. With respect to the man-
tle, the composition of the crust is relatively well
known. A comprehensive review of the bulk com-
positions of the upper, middle, and lower crust were
published by Rudnick and Gao [15] and Huang et
al. [16].
The bulk composition of the silicate Earth, the
so called Bulk Silicate Earth (BSE) models de-
scribe the composition of the Primitive Mantle, the
Earth composition after the core separation and
before the crust-mantle differentiation. The esti-
mates of the composition of the present-day man-
tle can be derived as a difference between the mass
abundances predicted by the BSE models in the
Primitive Mantle and those observed in the present
crust. In this way, the predictions of the U and Th
mass abundances in the mantle are made, which
are then critical in calculating the predicted geo-
neutrino signal, see Sec. 4.
The refractory elements are those that have high
condensation temperatures; thus, they did con-
densate from a hot nebula, today form the bulk
mass of the terrestrial planets, and are observed
in equal proportions in the chondrites. Their con-
trary are volatile elements with low condensation
temperatures and which might have partially es-
caped from the planet. U and Th are refractory el-
ements, while K is moderately volatile. All U, Th,
and K are also lithophile (rock-loving) elements,
which in the Goldschmidt geochemical classifica-
tion means elements tending to stay in the sili-
cate phase (other categories are siderophile (metal-
loving), chalcophile (ore, chalcogen-loving), and at-
mophile/volatile).
The most recent classification of BSE models was
presented by Sˇra´mek et al. [14]:
• Geochemical BSE models: these models rely
on the fact that the composition of carbona-
ceous (CI) chondrites matches the solar pho-
tospheric abundances in refractory lithophile,
siderophile, and volatile elements. These
models assume that the ratios of Refractory
Lithophile Elements (RLE) in the bulk silicate
Earth are the same as in the CI chondrites and
in the solar photosphere. The typical chon-
dritic value of the bulk mass Th/U ratio is 3.9
and K/U ∼ 13,000. The absolute RLE abun-
dances are inferred from the available crust
and upper mantle rock samples. The theo-
retical petrological models and melting trends
are taken into account in inferring the com-
position of the original material of the Prim-
itive Mantle, from which the current rocks
were derived in the process of partial melt-
ing. Among these models are McDonough and
Sun (1995) [17], Alle´gre (1995) [18], Hart and
Zindler (1986) [19], Arevalo et al. (2009) [20],
and Palme and O’Neill (2003) [21]. The typi-
cal U concentration in the bulk silicate Earth
is about 20± 4 ppb.
• Cosmochemical BSE models: The model of
Javoy et al. (2010) [22] builds the Earth
from the enstatite chondrites, which show the
closest isotopic similarity with mantle rocks
and have sufficiently high iron content to ex-
plain the metallic core (similarity in oxida-
tion state). The ”collisional erosion” model
of O’Neill and Palme (2008) [23] is covered
in this category as well. In this model, the
early enriched crust was lost in the collision of
the Earth with an external body. In both of
these models the typical bulk U concentration
is about 10-12 ppb.
• Geodynamical BSE models: These models are
based on the energetics of the mantle con-
vection. Considering the current surface heat
flux, which depends on the radiogenic heat and
the secular cooling, the parametrized convec-
tion models require higher contribution of ra-
diogenic heat (and thus higher U and Th abun-
dances) with respect to geo and cosmochemi-
cal models. The typical bulk U concentration
is 35± 4 ppb.
The surface heat flux is estimated based on the
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measurements of temperature gradients along sev-
eral thousands of drill holes along the globe. The
most recent evaluation of these data leads to the
prediction of 47 ± 2 TW predicted by Davies and
Davies (2010) [24], consistent with the estimation
of Jaupart et al. (2007) [25]. The relative contribu-
tion of the radiogenic heat from radioactive decays
to this flux (so called Urey ratio) is not known and
this is the key information which can be pinned
down by the geo-neutrino measurements. The geo-
chemical, cosmochemical, and geodynamical mod-
els predict the radiogenic heat of 20 ± 4, 11 ± 2, 33
± 3 TW and the corresponding Urey ratios of about
0.3, 0.1, and 0.6, respectively. The Heat Producing
Elements (HPE) predicted by these models are dis-
tributed in the crust and in the mantle. The crustal
radiogenic power was recently evaluated by Huang
et al. [16] as 6.8+1.4−1.1 TW. By subtracting this contri-
bution from the total radiogenic heat predicted by
different BSE models, the mantle radiogenic power
driving the convection and plate tectonics can be
as little as 3 TW and as much as 23 TW. To deter-
mine this mantle contribution is one of the main
goals and potentials of Neutrino Geoscience.
4 Geo-neutrino signal predic-
tion
The geo-neutrino signal can be expressed in several
ways. We recall that geo-neutrinos are detected by
the inverse beta decay reaction (see Eq. 1) in which
antineutrino interacts with a target proton. The
most straightforward unit is the normalized event
rate, expressed by the so called Terrestrial Neutrino
Unit (TNU), defined as the number of interactions
detected during one year on a target of 1032 pro-
tons (∼1 kton of liquid scintillator) and with 100%
detection efficiency. Conversion between the signal
S expressed in TNU and the oscillated, electron
flavor flux φ (expressed in 106cm−2s−1) is straight-
forward [26] and requires a knowledge of the geo-
neutrino energy spectrum and the interaction cross
section, which scales with the ν¯e energy:
S(232Th)[TNU] = 4.07 · φ(232Th) (10)
S(238U)[TNU] = 12.8 · φ(238U) (11)
In order to calculate the geo-neutrino signal at a
certain location on the Earth’s surface, it is impor-
tant to know the absolute amount and the distribu-
tion of HPE inside the Earth. As it was described
in Sec. 3, we know relatively well such information
for the Earth’s crust, but we lack it for the mantle.
Instead, the BSE models, also described in Sec. 3,
predict the total amount of HPE in the silicate
Earth (so, excluding the metallic core, in which no
HPE are expected). Thus, in the geo-neutrino sig-
nal predictions, the procedure is as follows. First,
the signal from the crust is calculated. Then, the
total mass of the HPE concentrated in the crust
is subtracted from the HPE mass predicted by a
specific BSE model; the remaining amount of HPE
is attributed to be concentrated in the mantle.
Due to the chemical affinity of HPE, the conti-
nental crust is their richest reservoir. Thus, for the
experimental sites built on the continental crust,
the total geo-neutrino signal is dominated by the
crustal component. It is important to estimate it
with the highest possible precision since the mantle
contribution can be extracted from the measured
signal only after the subtraction of the expected
crustal component.
The first estimation of the crustal geo-neutrino
signal [27] modeled the crust as a homogeneous,
30 km thick layer. Since then, several much more
refined models have been developed. In these mod-
els, different geochemical and geophysical data are
used as input parameters. The crust is divided
in finite volume voxels with surface area of either
5◦ × 5◦ [28], 2◦ × 2◦ [29, 30, 31] or, most recently,
1◦× 1◦ [16]. The oceanic and continental crust are
treated separately. The continental crust is further
divided in different layers, as upper, middle, and
lower continental crust.
On the sites placed on the continental crust, a
significant part of the crustal signal comes from the
area with a radius of few hundreds of km around
the detector [31]. Thus, in a precise estimation of
the crustal geo-neutrino signal, it is important to
distinguish the contribution from the local crust
(LOC) and the rest of the crust (ROC) [32]. In
estimating the LOC contribution, it is crucial to
consider the composition of real rocks surrounding
the experimental site, while for the ROC contribu-
tion it is sufficient to take into account the mean
crustal compositions.
Borexino and KamLAND, the only two experi-
ments which have provided geo-neutrino measure-
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ments, are placed in very different geological en-
vironments. Borexino is placed on a continental
crust in central Italy. KamLAND is situated in
Japan, in an area with very complicated geological
structure around the subduction zone. In Table 1
we show the expected geo-neutrino signal for both
experiments.
The LOC contributions are taken from [32]. The
calculations are based on six 2◦×2◦ tiles around the
detector, as shown in Fig. 2. The LOC contribution
in Borexino, based on a detailed geological study
of the LNGS area from [35], is low, since the area
is dominated by dolomitic rock poor in HPE. The
LOC contribution in KamLAND is almost double,
since the crustal rocks around the site are rich in
HPE [29, 36].
The ROC contributions shown in Table 1 are
taken from [16]. This recent crustal model uses
as input several geophysical measurements (seis-
mology, gravitometry) and geochemical data as the
average compositions of the continental crust [15]
and of the oceanic crust [37], as well as several geo-
chemical compilations of deep crustal rocks. The
calculated errors are asymmetric due to the log-
normal distributions of HPE elements in rock sam-
ples. The authors of [16] estimate for the first time
the geo-neutrino signal from the Continental Litho-
spheric Mantle (CLM), a relatively thin, rigid por-
tion of the mantle which is a part of the lithosphere
(see also Sec. 3).
The mantle contribution to the geo-neutrino sig-
nal is associated with a large uncertainty. The
estimation of the mass of HPE in the mantle is
model dependent. The relatively well known mass
of HPE elements in the crust has to be subtracted
from the total HPE mass predicted by a specific
BSE model. Since there are several categories of
BSE models (see Sec. 3), the estimates of the mass
of HPE in the mantle (and thus of the radiogenic
heat from the mantle) varies by a factor of about
8 [14]. In addition, the geo-neutrino signal pre-
diction depends on the distribution of HPE in the
mantle, which is unknown. As it was described in
Sec. 3, there are indications of compositional inho-
mogeneities in the mantle but this is not proved
and several authors prefer a mantle with homoge-
neous composition. Extremes of the expected man-
tle geo-neutrino signal with a fixed HPE mass can
be defined [14, 32]:
Borexino KamLAND
[TNU] [TNU]
LOC [32] 9.7± 1.3 17.7± 1.4
ROC [16] 13.7+2.8−2.3 7.3
+1.5
−1.2
Total crust: 23.4+3.1−2.6 25.0
+2.1
−1.8
CLM [16] 2.2+3.1−1.3 1.6
+2.2
−1.0
Mantle [16] 8.7 8.8
Total 34.3+4.4−2.9 35.4
+3.0
−2.1
Table 1: Expected geo-neutrino signal in Borexino
and KamLAND. Details in text.
• Homogeneous mantle: the case when the HPE
are distributed homogeneously in the mantle
corresponds to the maximal, high geo-neutrino
signal.
• Sunken layer: the case when the HPE are con-
centrated in a limited volume close to the core-
mantle boundary corresponds to the minimal,
low geo-neutrino signal.
• Depleted Mantle + Enriched Layer (DM +
EL): This is a model of a layered mantle, with
the two reservoirs (DM and EL) in which the
HPE are distributed homogeneously. The to-
tal mass of HPE in the DM + EL corresponds
to a chosen BSE model. There are estimates
of the composition of the upper mantle (DM),
from which the oceanic crust (composed of
Mid-Ocean Ridge Basalts, MORB) has been
differentiated [38, 39, 40]. Since in the process
of differentiation the HPE are rather concen-
trated in the liquid part, the residual man-
tle remains depleted in HPE. The measured
MORB compositions indicate that their source
must be in fact depleted in HPE with respect
to the rest of the mantle. The mass fraction
of the EL is not well defined and in the calcu-
lations of Sˇra´mek et al. [14] a 427 km thick EL
placed above the core-mantle boundary has
been used.
An example of the estimation of the mantle sig-
nal for Borexino and KamLAND, given in Table 1,
is taken from [16].
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Figure 2: The map of six 2◦ x 2◦ tiles from which the LOC geo-neutrino signal (see Table 1) is calculated
for the Borexino (left, from [33]) and KamLAND (right, from [34]) sites.
5 Current experiments
At the moment, there are only two experi-
ments measuring the geo-neutrinos signals: Kam-
LAND [41, 42] in the Kamioka mine in Japan and
Borexino [43, 44, 45] at Gran Sasso National Lab-
oratory in central Italy. Both experiments are
based on large volume spherical detectors filled
with 287 ton and 1 kton, respectively, of liquid scin-
tillator. They both are placed in underground lab-
oratories in order to reduce the cosmic ray fluxes:
a comparative list of detectors’ main features is re-
ported in Table 2 .
5.1 KamLAND
The KAMioka Liquid scintillator ANtineutrino De-
tector (KamLAND) was built, starting from 1999,
in a horizontal mine in the Japanese Alps at a
depth of 2700 meters water equivalent (m.w.e.).
It aimed to a broad experimental program rang-
ing from particle physics to astrophysics and geo-
physics.
The heart of the detector is a 1 kton of highly
purified liquid scintillator, made of 80% dodecane,
20% pseudocumene, and 1.36 ± 0.03 g/l of 2,5-
Diphenyloxazole (PPO). It is characterized by a
high scintillation yield, high light transparency and
a fast decay time, all essential requirements for
good energy and spatial resolutions. The scin-
tillator is enclosed in a 13 m spherical nylon bal-
loon, suspended in a non-scintillating mineral oil
!!!!!!!!!!!!!!!
!
Figure 3: Schematic view of the KamLAND detec-
tor.
by means of Kevlar ropes and contained inside a
9 m-radius stainless-steel tank (see Fig. 3). An ar-
ray of 1325 of 17” PMTs and 554 of 20” PMTs (In-
ner Detector) is mounted inside the stainless-steel
vessel viewing the center of the scintillator sphere
and providing a 34% solid angle coverage. The
containment sphere is surrounded by a 3.2 kton
cylindrical water Cherenkov Outer Detector that
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Borexino KamLAND
Depth . . . . . . . . . . . . . . . . . 3600 m.w.e (φµ=1.2 m
−2h−1 ) 2700 m.w.e (φµ=5.4 m−2h−1)
Scintillator mass. . . . . . . 278 ton (PC+1.5g/l PPO) 1 kt (80% dodec.+20% PC+1.4g/l PPO)
Inner Detector . . . . . . . . 13 m sphere, 2212 8” PMT’s 18 m sphere, 1325 17”+554 20” PMT’s
Outer detector . . . . . . . . 2.4 kt HP water + 208 8” PMT’s 3.2 kt HP water + 225 20” PMT’s
Energy resolution. . . . . . 5% at 1 MeV 6.4% at 1 MeV
Vertex resolution . . . . . . 11 cm at 1 MeV 12 cm at 1 MeV
Reactors mean distance ∼1170 km ∼180 km
Table 2: Main characteristics of the Borexino and KamLAND detectors.
shields the external background and acts as an ac-
tive cosmic-ray veto.
The KamLAND detector is exposed to a very
large flux of low-energy antineutrinos coming from
the nuclear reactor plants. Prior to the earth-
quake and tsunami of March 2011, one-third of all
Japanese electrical power (which is equivalent to
130 GW thermal power) was provided by nuclear
reactors. The fission reactors release about 1020 ν¯e
GW−1s−1 that mainly come from the β-decays of
the fission products of 235U,238U, 239Pu, and 241Pu,
used as fuels in reactor cores. The mean distance of
reactors from KamLAND is ∼180 km. Since 2002,
KamLAND is detecting hundreds of ν¯e interactions
per year.
The first success of the collaboration, a milestone
in the neutrino and particle physics, was to pro-
vide a direct evidence of the neutrino flavor oscilla-
tion by observing the reactor ν¯e disappearance [46]
and the energy spectral distortion as a function
of the distance to ν¯e-energy ratio [47]. The mea-
sured oscillation parameters, ∆m221 and tan
2(θ12),
were found, under the hypothesis of CPT invari-
ance, in agreement with the Large Mixing Angle
(LMA) solution to the solar neutrino problem, and
the precision of the ∆m221 was greatly improved. In
the following years, the oscillation parameters were
measured with increasing precision [48].
KamLAND was the first experiment to per-
form experimental investigation of geo-neutrinos
in 2005 [49]. An updated geo-neutrino anal-
ysis was released in 2008 [48]. An extensive
liquid-scintillator purification campaign to im-
prove its radio-purity took place in years 2007 -
2009. Consequently, a new geo-neutrino observa-
tion at 99.997% C.L. was achieved in 2011 with
an improved signal-to-background ratio [50]. Re-
cently, after the earthquake and the consequent
Fukushima nuclear accident occurred in March
2011, all Japanese nuclear reactors were temporar-
ily switched off for a safety review. Such situation
allowed for a reactor on-off study of backgrounds
and also yielded an improved sensitivity for ν¯e pro-
duced by other sources, like geo-neutrinos. A new
result on geo-neutrinos has been released recently
in March 2013 [51].
In September 2011, the KamLAND-Zen ν-less
double beta-decay search was launched. A ββ
source, made up by 13 ton of Xe-loaded liquid scin-
tillator was suspended inside a 3.08 m diameter in-
ner balloon placed at the center of the detector (see
Fig. 3). A new lower limit for the ν-less double-
beta decay half life was published in 2013 [52].
5.2 Borexino
The Borexino detector was built starting from
1996 in the underground hall C of the Labora-
tori Nazionali del Gran Sasso in Italy, with the
main scientific goal to measure in real-time the
low-energy solar neutrinos. Neutrinos are even
more tricky to be detected than antineutrinos.
In a liquid scintillator, ν¯e’s give a clean delayed-
coincidence tag which helps to reject backgrounds,
see Sec. 6.1. Neutrinos, instead, are detected
through their scattering off electrons which does
not provide any coincidence tag. The signal is vir-
tually indistinguishable from any background giv-
ing a β/γ decays in the same energy range. For
this reason, an extreme radio-purity of the scin-
tillator, a mixture of pseudocumene and PPO as
fluor at a concentration of 1.5 g/l, was an essential
pre-requisite for the success of Borexino.
For almost 20 years the Borexino collaboration
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has been addressing this goal by developing ad-
vanced purification techniques for scintillator, wa-
ter, and nitrogen and by exploiting innovative
cleaning systems for each of the carefully selected
materials. A prototype of the Borexino detector,
the Counting Test Facility (CTF) [53, 54] was built
to prove the purification effectiveness. The concep-
tual design of Borexino is based on the principle of
graded shielding demonstrated in Fig. 4. A set of
concentric shells of increasing radio-purity moving
inwards surrounds the inner scintillator core. The
core is made of ∼280 ton of scintillator, contained
in a 125 µm thick nylon Inner Vessel (IV) with a ra-
dius of 4.25 m and shielded from external radiation
by 890 ton of inactive buffer fluid. Both the active
and inactive layers are contained in a 13.7 m diame-
ter Stainless Steel Sphere (SSS) equipped with 2212
8” PMTs (Inner Detector). A cylindrical dome
with diameter of 18 m and height of 16.9 m encloses
the SSS. It is filled with 2.4 kton of ultra-pure wa-
ter viewed by 208 PMT’s defining the Outer De-
tector. The external water serves both as a pas-
sive shield against external background sources,
mostly neutrons and gammas, and also as an active
Cherenkov veto system tagging the residual cosmic
muons crossing the detector.
After several years of construction, the data tak-
ing started in May 2007, providing immediately
evidence of the unprecedented scintillator radio-
purity. Borexino was the first experiment to mea-
sure in real time low-energy solar neutrinos below
1 MeV, namely the 7Be-neutrinos [55, 56]. In May
2010, the Borexino Phase 1 data taking period was
concluded. Its main scientific goal, the precision
7Be-ν measurement has been achieved [57] and the
absence of the day-night asymmetry of its inter-
action rate was observed [58]. In addition, other
major goals were reached, as the first observation
of the pep-ν and the strongest limit on the CNO-
ν [59], the measurement of 8B-ν rate with a 3 MeV
energy threshold [60], and in 2010, the first obser-
vation of geo-neutrinos with high statistical signif-
icance at 99.997% C.L. [61].
In 2010-2011 six purification campaigns were
performed to further improve the detector perfor-
mances and in October 2011, the Borexino Phase
2 data taking period was started. A new result on
geo-neutrinos has been released in March 2013 [62].
Borexino continues in a rich solar neutrino pro-
Stainless Steel SphereExternal water tank
Nylon Inner Vessel
Nylon Outer Vessel
Fiducial volume
Internal
PMTs
Scintillator
Buffer
Water
Ropes
Steel plates
for extra
shielding
Borexino Detector
Muon
PMTs
Figure 4: Schematic diagram of the Borexino de-
tector.
gram, including two even more challenging targets:
pp and possibly CNO neutrinos. In parallel, the
Borexino detector will be used in the SOX project,
a short baseline experiment, aiming at investiga-
tion of the sterile-neutrino hypothesis [63].
6 Geo-neutrino analysis
6.1 The geo-neutrino detection
The hydrogen nuclei that are copiously present in
hydrocarbon (CnH2n) liquid scintillator detectors
act as target for electron antineutrinos in the in-
verse beta decay reaction shown in Eq. 1. In this
process, a positron and a neutron are emitted as
reaction products. The positron promptly comes
to rest and annihilates emitting two 511 keV γ-
rays, yielding a prompt event, with a visible en-
ergy Eprompt, directly correlated with the incident
antineutrino energy Eν¯e :
Eprompt = Eν¯e − 0.784MeV. (12)
The emitted neutron keeps initially the informa-
tion about the ν¯e direction, but, unfortunately, the
neutron is typically captured on protons only after
a quite long thermalization time (τ = 200 - 250µs,
depending on scintillator). During this time, the
directionality memory is lost in many scattering
collisions. When the thermalized neutron is cap-
tured on proton, it gives a typical 2.22 MeV de-
excitation γ-ray, which provides a coincident de-
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Figure 5: Reactor ν¯e signal (expressed in TNU)
in the world as in the middle of 2012, calculated
in [67].
layed event. The pairs of time and spatial coinci-
dences between the prompt and the delayed signals
offer a clean signature of ν¯e interactions, very dif-
ferent from the νe scattering process used in the
neutrino detection.
6.2 Background sources
The coincidence tag used in the electron antineu-
trino detection is a very powerful tool in back-
ground suppression. The main antineutrino back-
ground in the geo-neutrino measurements results
from nuclear power plants, while negligible signals
are due to atmospheric and relic supernova ν¯e.
Other, non-antineutrino background sources can
arise from intrinsic detector contamination’s, from
random coincidences of non-correlated events, and
from cosmogenic sources, mostly residual muons.
An overview of the main background sources in
the Borexino and KamLAND geo-neutrino mea-
surements is presented in Table 3.
A careful analysis of the expected reactor ν¯e rate
at a given experimental site is crucial. The deter-
mination of the expected signal from reactor ν¯e’s
requires the collection of the detailed information
on the time profiles of the thermal power and nu-
clear fuel composition for all the reactors, espe-
cially for the nearby ones. The Borexino and Kam-
LAND collaborations are in strict contact with the
International Agency of Atomic Energy (I.A.E.A.)
and the Consortium of Japanese Electric Power
Companies, respectively.
A new recalculation [64, 65] of the ν¯e spectra
per fission of 235U,238U, 239Pu, and 241Pu isotopes
predicted a ∼3% flux increase relative to the pre-
vious calculations. As a consequence, all past ex-
periments at short-baselines appear now to have
seen fewer ν¯e than expected and this problem was
named the Reactor Neutrino Anomaly [66]. It has
been speculated that it may be due to some not
properly understood systematics but in principle
an oscillation into an hypothetical heavy sterile
neutrino state with ∆m2 ∼1eV2 could explain this
anomaly. In the KamLAND analysis, the cross sec-
tion per fission for each reactor was normalized to
the experimental fluxes measured by Bugey-4 [66].
The Borexino analysis is not affected by this ef-
fect since the absolute reactor antineutrino signal
was left as a free parameter in the fitting procedure
and the spectral shape of the new parametrization
is not significantly different up to 7.5 MeV from the
previous ones.
The expected reactor ν¯e signal in the world [67] is
shown in Fig. 5: it refers to the middle of 2012 when
the Japanese nuclear power plants were switched
off. The red spot close to Japan is due to the
Korean reactors. The world average nuclear en-
ergy production is of the order of 1 TW, a 2% of
the Earth surface heat flux. There are no nuclear
power plants in Italy, and the reactor ν¯e flux in
Borexino is a factor of 4-5 lower then in the Kam-
LAND site during normal operating condition.
A typical rate of ∼5 and ∼21 geo-ν events/year
with 100% efficiency is expected in the Borexino
and KamLAND detector, for a 4 m and 6 m fidu-
cial volume cut, respectively. This signal is very
faint and also the non-ν¯e-induced backgrounds have
to be incredibly small. Random coincidences and
(α, n) reactions in which α’s are mostly due to
the 210Po decay (belonging to the 238U chain) can
mimic the reaction of interest. The α-background
was particularly high for the KamLAND detector
at the beginning of data taking (∼103 cpd/ton)
but it has been successfully reduced by a factor 20
thanks to the 2007 - 2009 purification campaigns.
Backgrounds faking ν¯e interactions could also arise
from cosmic muons and muon induced neutrons
and unstable nuclides like 9Li and 8He having an
β+neutron decay branch. Very helpful to this re-
spect is the rock overlay of 2700 m.w.e for the Kam-
LAND and 3600 m.w.e for the Borexino experi-
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Borexino KamLAND
Period Dec 07 - Aug 12 Mar 02 - Nov 12
Exposure (proton · year) (3.69 ± 0.16) 1031 (4.9 ± 0.1) 1032
Reactor-ν¯e events (no osc.) 60.4 ± 4.1 3564 ± 145
13C(α, n)16O events 0.13 ± 0.01 207.1 ± 26.3
9Li - 8He events 0.25 ± 0.18 31.6 ± 1.9
Accidental events 0.206 ± 0.004 125.5 ± 0.1
Total non-ν¯e backgrounds 0.70 ± 0.18 364.1 ± 30.5
Table 3: The most important backgrounds in geo-neutrino measurements of Borexino [62] and Kam-
LAND [51].
mental site, reducing this background by a factor
up to 106. A veto applied after each muon crossing
the Outer and/or the Inner Detectors, makes this
background almost negligible.
6.3 Current experimental results
Both Borexino [62] and KamLAND [51] collabo-
rations released new geo-neutrino results in March
2013 and we describe them in more detail below.
The corresponding geo-neutrino signals and signal-
to-background ratios are shown in Table 3.
The KamLAND result is based on a total live-
time of 2991 days, collected between March 2002
and November 2012. In this 10-year time win-
dow the backgrounds and detector conditions have
changed. After the April 2011 earthquake the
Japanese nuclear energy production was strongly
reduced and in particular in the April to June
2012 months all the Japanese nuclear reactors were
switched off with the only exception of the Tomary
plant which is in any case quite far (∼600 km)
from the KamLAND site. This reactor-off statis-
tics was extremely helpful to check all the other
backgrounds and it is included in the present data
sample even if with a reduced Fiducial Volume
(FV). In fact, because of the contemporary pres-
ence of the Inner Balloon containing the Xe loaded
scintillator at the detector center, the central por-
tion of the detector was not included in the analy-
sis.
The ν¯e event rate in the KamLAND detector and
in the energy window 0.9 - 2.6 MeV as a function of
time is shown in Fig. 6-left. The measured excess of
events with respect to the background expectations
is constant in time, as highlighted in Fig. 6-right,
and is attributed to the geo-neutrino signal.
To extract the neutrino oscillation parameters
and the geo-neutrino fluxes, the ν¯e candidates are
analyzed with an unbinned maximum likelihood
method incorporating the measured event rates,
the energy spectra of prompt candidates and their
time variations. The total energy spectrum of
prompt events and the fit results are shown in
Fig. 7-right. By assuming a chondritic Th/U mass
ratio of 3.9, the fit results in 116+28−27 geo-neutrino
events, corresponding to a total oscillated flux of
3.4+0.8−0.8 ·106 cm−2 s−1. It is easy to demonstrate that
given the geo-neutrino energy spectrum, the chon-
dritic mass ratio, and the inverse beta decay cross
section, a simple conversion factor exists between
the fluxes and the TNU units: 1 TNU = 0.113 ·
106 ν¯e cm
−2s−1. By taking this factor we could
translate the KamLAND result to (30± 7) TNU.
While the precision of the KamLAND result
is mostly affected by the systematic uncertain-
ties arising from the sizeable backgrounds, the ex-
tremely low background together with the smaller
fiducial mass (see Tables 3 and 4) makes the sta-
tistical error largely predominant in the Borexino
measurement.
The Borexino result, shown in Fig. 7-left, refers
to the statistics collected from December 2007 to
August 2012. The levels of background affecting
the geo-ν analysis were almost constant during the
whole data taking, the only difference being an in-
creased radon contamination during the test phases
of the purification campaigns. These data periods
are not included in the solar neutrino analysis but
can be used in the geo-neutrino analysis. A de-
voted data selection cuts were adopted to make
the increased background level not significant, in
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Borexino KamLAND
Period Dec 07- Aug 12 Mar 02- Nov 12
Exposure (proton · year) (3.69 ± 0.16) 1031 (4.9 ± 0.1) 1032
Geo-ν events 14.3 ± 4.4 116 +28−27
Geo-ν signal [TNU] 38.8 ± 12 30 ± 7
Geo-ν flux (oscill.) [·106 cm−2s−1] 4.4 ± 1.4 3.4 ± 0.8
Geo-ν signal/(not-oscill. anti-ν background) 0.23 0.032
Geo-ν signal/(non anti-ν background) 20.4 0.32
Table 4: Measured geo-neutrino signal in Borexino [62] and KamLAND [51].
Figure 6: Left: Event rate in the KamLAND detector as a function of time in the 0.9-2.6
energy window. Right: The excess of events with respect to the expected background rate
is constant in time and attributed to the geo-ν signal. Taken from [51].
particular, an event pulse-shape analysis and an
increased energy threshold have been applied for
delayed candidates.
The Borexino collaboration selected 46 antineu-
trino candidates (Fig. 7-left), among which 33.3
± 2.4 events were expected from nuclear reactors
and 0.70 ± 0.18 from the non-ν¯e backgrounds. An
unbinned maximal likelihood fit of the light-yield
spectrum of prompt candidates was performed,
with the Th/U mass ratio fixed to the chondritic
value of 3.9, and with the number of events from
reactor antineutrinos left as a free parameter. As a
result, the number of observed geo-neutrino events
is 14.3 ± 4.4 in (3.69 ± 0.16) · 1031 proton · year
exposure. This signal corresponds to ν¯e fluxes
from U and Th chains, respectively, of φ(U) =
(2.4 ± 0.7) · 106 cm−2s−1 and φ(Th) = (2.0 ±
0.6) · 106 cm−2s−1 and to a total measured nor-
malized rate of (38.8 ± 12) TNU.
The measured geo-neutrino signals reported in
Table 4 can be compared with the expectations re-
ported in Table 1. The two experiments placed
very far form each other have presently measured
the geo-neutrino signal with a high statistical sig-
nificance (at ∼4.8σ C.L.) and in a good agreement
with the geological expectations. This is an ex-
tremely important point since it is confirming both
that the geological models are working properly
and that the geo-neutrinos are a reliable tools to
investigate the Earth structure and composition.
6.4 Geological implications
In the standard geo-neutrino analysis, the Th/U
bulk mass ratio has been assumed to be 3.9, a
value of this ratio observed in CI chondritic me-
teorites and in the solar photosphere, and, a value
assumed by the geo-chemical BSE models. How-
ever, this value has not yet been experimentally
proven for the bulk Earth. The knowledge of this
ratio would be of a great importance in a view of
testing the geo-chemical models of the Earth for-
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Figure 7: Prompt event energy spectrum measured in Borexino (left) and in KamLAND
(right). The Borexino collaboration quotes the prompt event energy as total number of pho-
toelectrons detected by the PMTs, the conversion factor being approximately 500 p.e./1 MeV.
mation and evolution. It is, in principle, possible
to measure this ratio with geo-neutrinos, exploit-
ing the different end-points of the energy spectra
from U and Th chains (see Fig. 1). A mass ratio
of m(Th)/m(U) = 3.9 corresponds to the signal
ratio S(U)/S(Th) ∼3.66. Both KamLAND and
Borexino collaborations attempted an analysis in
which they tried to extract the individual U and Th
contributions by removing the chondritic constrain
from the spectral fit. In Fig. 8, the confidence-level
contours from such analyses are shown for Borex-
ino (left) and for KamLAND (right). Borexino has
observed the central value a S(U)/S(Th) of ∼2.5
while KamLAND of ∼14.5 but they are not in con-
tradiction since the uncertainties are still very large
and the results not at all conclusive. Both the best
fit values are compatible at less than 1σ level with
the chondritic values.
As discussed in Sec. 3, the principal goal of geo-
neutrino measurements is to determine the HPE
abundances in the mantle and from that to ex-
tract the strictly connected radiogenic power of
the Earth. The geo-neutrino fluxes from different
reservoirs sum up at a given site, so the mantle
contribution can be inferred from the measured sig-
nal by subtracting the estimated crustal (LOC +
ROC) components (Sec. 4). Considering the ex-
pected crustal signals from Table 1 and the mea-
sured geo-neutrino signals from Table 4, such a sim-
ple subtraction results in mantle signals measured
by KamLAND SKLM and Borexino S
BX
M of:
SKLMantle = (5.0± 7.3) TNU (13)
SBXMantle = (15.4± 12.3) TNU (14)
A graphical representation of the different contri-
butions in the measured signals is shown in Fig. 9.
The KamLAND result seems to highlight a
smaller mantle signal than the Borexino one. Such
a result pointing towards mantle inhomogeneities
is very interesting from a geological point of view,
but the error bars are still too large to get statisti-
cally significant conclusions. Indeed, recent mod-
els predicting geo-neutrino fluxes from the mantle
not spherically symmetric have been presented [14].
They are based on the hypothesis, indicated by the
geophysical data, that the Large Low Shear Veloc-
ity Provinces (LLSVP) placed at the base of the
mantle beneath Africa and the Pacific represent
also compositionally distinct areas. In a particu-
lar, the TOMO model [14] predicts a mantle sig-
nal in Borexino site higher by 2% than the average
mantle signal while a decrease of 8.5% with respect
to the average is expected for KamLAND. We have
performed a combined analysis of the Borexino and
KamLAND data in the hypothesis of a spherically
symmetric mantle or a not homogeneous one as
predicted by the TOMO model.
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Figure 8: Left: The 68.3, 95.4, and 99.7% countour
plots of the Th versus U signal, expressed in TNU
units, in the Borexino geo-neutrino analysis [62];
the dashed blue line is the expectation for a chon-
dritic Th/U mass ratio of 3.9. Right: the same
confidence level contours are shown for the Kam-
LAND analysis [51], expressed in number of total
events versus the normalized difference of the num-
ber of events from U and Th. The vertical dashed
line represents the chondritic ratio of 3.9 while the
shadowed area on this line is the prediction of the
BSE model from [17].
The ∆χ2 profiles for both models are shown in
Fig. 10. For the homogeneous mantle we have ob-
tained the signal SSYMMantle of
SSYMMantle = (7.7± 6.2) TNU. (15)
Instead, when the Borexino and KamLAND man-
tle signals have been constrained to the ratio pre-
dicted by the TOMO model, the mean mantle sig-
nal STOMOMantle results to be
STOMOMantle = (8.4
+6.6
−6.7) TNU. (16)
There is an indication for a positive mantle sig-
nal but only with a small statistical significance
of about 1.5σ C.L. The central values are quite in
agreement with the expectation shown in Table 1.
A slightly higher central value is observed for the
TOMO model. We stress again the importance of
a detailed knowledge of the local crust composition
and thickness in order to deduce the signal coming
from the mantle from the measured geo-neutrino
fluxes.
In Fig. 11, we compare the measured mantle sig-
nal SSYMMantle from Eq. 15 with the predictions of
the three categories of the BSE models accord-
ing to [14] which we have discussed in Sec. 4, i.e.
KamLAND                          Borexino                          
LOC LOC 
ROC ROC 
Figure 9: The measured geo-ν signal in Borexino
and KamLAND compared to the expected fluxes
from Table 1: area with horizontal stripes = LOC,
area with oblique stripes = ROC, green solid area
= CLM. The dotted area is the excess of signal
which could correspond to the convective mantle
contributions. The sum of the CLM and the con-
vective mantle contributions corresponds to the to-
tal mantle signal as from Eq. 13 and 14.
the geochemical, cosmochemical, and geodynami-
cal ones. For each BSE model category, four dif-
ferent HPE distributions through the mantle have
been considered: a homogeneous model and the
three DM + EL models with the three different de-
pleted mantle compositions as in [38, 39, 40]. All
the Earth models are still compatible at 2σ level
with the measurement, as shown in Fig. 11, even if
the present combined analysis slightly disfavors the
geodynamical models. We remind that these mod-
els are based on the assumption that the radiogenic
heat has provided the power to sustain the mantle
convection over the whole Earth story. It has been
recently understood [68] the importance of the wa-
ter or water vapor embedded in the crust and man-
tle to decrease the rock viscosity and so the energy
supply required to promote the convection. If this
is the case the geodynamical models are going to
be reconciled with the geochemical ones.
It is, in principle, possible to extract from the
measured geo-neutrino signal the Earth’s radio-
genic heat power. This procedure is however not
straightforward: the geoneutrino flux depends not
only on the total mass of HPE in the Earth, but
also on their distributions, which is model depen-
dent. The HPE abundances and so the radiogenic
heat in the crust are rather well known, as dis-
cussed in Secs. 3 and 4. As the main unknown re-
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Figure 10: ∆χ2 profile for the mantle signal in the
Borexino + KamLAND combined analysis. The
black continuous line assumes a spherically sym-
metric mantle, while the dashed blue line a non
homogeneous TOMO model from [14].
mains the radiogenic power of the Earth’s mantle.
Figure 12 summarizes the analysis we have per-
formed in order to extract the mantle radiogenic
heat from the measured geo-neutrino signals.
The geo-neutrino luminosity ∆L (ν¯e emitted per
unit time from a volume unit, so called voxel) is
related [2] to the U and Th masses ∆m contained
in the respective volume:
∆L = 7.46 ·∆m(238U) + 1.62 ·∆m(232Th) (17)
where the masses are expressed in units of 1017 kg,
and the luminosity in units of 1024 s−1.
The measured geo-neutrino signal at a given
site can be deduced by summing up the U and
Th contributions from individual voxels over the
whole Earth, and by weighting them by the inverse
squared-distance (geometrical flux reduction) and
by the oscillation survival probability. We have
performed such an integration for the mantle con-
tribution to the geo-neutrino signal. We have var-
ied the U and Th abundances (with a fixed chon-
dritic mass ratio Th/U = 3.9) in each voxel. The
homogeneous and sunken layer models of the HPE
distributions in the mantle (Sec. 4) were taken into
account separately. For each iteration of different
U and Th abundances and distributions, the to-
tal mantle geo-neutrino signal (taking into account
Eq. 17) and the U +Th radiogenic heat power from
the mantle (considering Eq. 4 from [2]) can be cal-
culated. The result is shown in Figure 12 showing
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Figure 11: The measured geo-neutrino signal from
the Borexino + KamLAND combined analysis un-
der the assumption of a spherically symmetric
mantle (see Eq. 15) is compared with the predic-
tions of different Earth’s models from [14]. The
three DM + EL distributions of the HPE elements
in the mantle correspond to the depleted mantle
compositions from [38, 39, 40], respectively.
the U + Th mantle radiogenic heat power as a func-
tion of the measured mantle geo-neutrino signal.
The solid lines represent the sunken-layer model,
while the dotted lines the homogeneous mantle.
The individual U and Th contributions, as well
as their sums are shown. The measured mantle
signal SSYMMantle = (7.7 ± 6.2) TNU from the com-
bined Borexino and KamLAND analysis quoted in
Eq. 15 is demonstrated on this plot by the verti-
cal solid (orange) line indicating the central value
of 7.7 TNU while the filled (light brown) triangu-
lar area corresponds to ±6.2 TNU band of 1σ er-
ror. The central value of SSYMMantle = 7.7 TNU corre-
sponds to the mantle radiogenic heat from U and
Th of 7.5 - 10.5 TW (orange double arrow on y-
axis), for sunken-layer and homogeneous HPE ex-
treme distributions, respectively. If the error of the
measured mantle geo-neutrino signal is considered
(±6.2 TNU), the corresponding interval of possible
mantle radiogenic heat is from 2 to 19.5 TW, indi-
cated by the black arrow on y-axis.
7 Conclusions and future
perspectives
The two independent geo-neutrino measurements
from the Borexino and KamLAND experiments
17
Measured Mantle signal (TNU) 
R
ad
io
ge
ni
c 
H
ea
t f
ro
m
 U
 a
nd
 T
h 
(T
W
) 
U-sun. 
Th–homo U-homo 
Th-sun 
Total homo 
Total sun. 
Figure 12: The mantle radiogenic heat power
from U and Th as a function of the measured
geo-neutrino signal; the solid lines represent the
sunken-layer model, while the dotted lines the ho-
mogeneous mantle (see Sec. 4). The green and
the blue lines indicate the individual Th and U
contributions, respectively, while the brown lines
show the total signal. The measured mantle geo-
neutrino signal SSYMMantle from a combined Borex-
ino + KamLAND analysis is shown by the ver-
tical solid orange line; the corresponding 1σ band
is shown by a filled triangular area. The arrows
on the vertical y-axis indicate the radiogenic heat
corresponding to the best fit geo-neutrino signal.
Details in text.
have opened the door to a new inter-disciplinary
field, the Neutrino Geoscience. They have shown
that we have a new tool for improving our knowl-
edge on the HPE abundances and distributions.
The first attempts of combined analysis has ap-
peared [26, 32, 50, 62], showing the importance
of multi-site measurements. The first indica-
tion of a geo-neutrino signal from the mantle has
emerged. The present data seem to disfavor the
geo-dynamical BSE models, in agreement with the
recent understanding of the important role of water
in the heat transportation engine.
These results together with the first attempts
to directly measure the Th/U ratio are the first
examples of geologically relevant outcomes. But
in order to find definitive answers to the ques-
tions correlated to the radiogenic heat and HPE
abundances, more data are needed. Both Borex-
ino and KamLAND experiments are going on to
take data and a new generation of experiments
using liquid scintillators is foreseen. One exper-
imental project, SNO+ in Canada, is in an ad-
vanced construction phase, and a new ambitious
project, Daya-Bay 2 in China, mostly aimed to
study the neutrino mass hierarchy, has been ap-
proved. Other interesting proposals have been pre-
sented, LENA at Pyha¨salmi (Finland) or Fre´jus
(France) and Hanohano in Hawaii.
The SNO+ experiment in the Sudbury mine in
Canada [69, 70], at a depth of 6080 m.w.e., is ex-
pected to start the data-taking in 2014 - 2015. The
core of the detector is made of ∼780 ton of LAB
(linear alkylbenzene) with the addition of PPO as
fluor. A rate of ∼20 geo-neutrinos/year is expected
and the ratio of geo-neutrino to reactor ν¯e events
should be around ∼1.2. The site is located on
an old continental crust and it contains significant
quantities of felsic rocks, which are enriched in U
and Th. Moreover, the crust is particularly thick
(ranging between 44.2 km and 41.4 km), approxi-
mately 40% thicker than the crust surrounding the
Gran Sasso and Kamioka sites. For these reasons, a
strong LOC signal is expected, around 19 TNU. A
very detailed study of the local geology is manda-
tory to allow the measurement of the mantle signal.
The main goal of the Daya Bay 2 experiment in
China [71] is to determine the neutrino mass hier-
archy. Thanks to a very large mass of 20 kton it
would detect up to 400 geo-neutrinos per year. A
few percent precision of the total geo-neutrino flux
measurement could be theoretically reached within
the first couple of years and the individual U and
Th contributions could be determined as well. Un-
fortunately, the detector site is placed by purpose
very close to the nuclear power plant. Thus, under
the normal operating conditions, the reactor ν¯e flux
is huge (∼40 detected events/day). Data interest-
ing for the geo-neutrino studies could be probably
taken only in correspondence with reactor mainte-
nance or shutdowns.
LENA is a proposal for a huge, 50 kton
liquid scintillator detector aiming to the geo-
neutrino measurement as one of the main scien-
tific goals [72]. Two experimental sites have been
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proposed: Fre´jus in France or Pyha¨salmi in Fin-
land. From the point of view of the geo-neutrino
study, the site in Finland would be strongly prefer-
able, since Fre´jus is very close to the French nuclear
power plants. LENA would detect about 1000 geo-
neutrino events per year: a few percent precision
on the geo-neutrino flux could be reached within
the first few years, an order of magnitude improve-
ment with respect to the current experimental re-
sults. Thanks to the large mass, LENA would be
able to measure the Th/U ratio, after 3 years with
10-11% precision in Pyha¨salmi and 20% precision
in Fre´jus.
Another very interesting project is
Hanohano [73] in Hawaii, placed on a thin,
HPE depleted oceanic crust. The mantle contri-
bution to the total geo-neutrino flux should be
dominant, ∼75%. A tank of 26 m in diameter
and 45 m tall, housing a 10 kton liquid scintillator
detector, would be placed vertically on a 112 m
long barge and deployed in the deep ocean at 3 to
5 km depth. The possibility to build a recoverable
and portable detector is part of the project. A very
high geo-neutrino event rate up to about ∼100
per year would be observed with a geo-neutrino to
reactor-ν¯e event rate ratio larger than 10.
In conclusion, the new inter-disciplinary field has
formed. The awareness of the potential to study
our planet with geo-neutrinos is increasing within
both geological and physical scientific communities
This is may be the key step in order to promote
the new discoveries about the Earth and the new
projects measuring geo-neutrinos.
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